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ABSTRACT 
 
The interaction between light and silver nanoparticles via the excitation of 
plasmon resonances which are the collective oscillation of the free electron 
density represents the most efficient interaction between light and matter. This 
alone makes plasmonic silver nanoparticles of great interest for both fundamental 
studies as well as practical applications. In this thesis, silver nanoparticles of 
various shapes and sizes and organized clusters were synthesized and 
investigated for their optical properties. 
Chapter 1 contains an overview of general background information about 
the optical properties of bulk and silver nanoparticles. Synthesis experiments with 
different sizes, shapes and concentrations will be described in Chapter 2. These 
results were not published; however, the information and techniques learned 
proved beneficial in future experiments. 
In Chapter 3, depolarized light scattering from plasmonic silver 
nanoclusters will be thoroughly discussed. The fundamental properties of 
clustered silver nanoparticles were measured as a function of the incident 
polarization angle relative to the orientation of the cluster. Scattering was 
correlated to scanning electron microscopy images and size, shape, and 
orientation of the clusters was shown to affect scattering.    
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 CHAPTER ONE 
 
INTRODUCTION 
 
The growth of compact, efficient electronics, the green movement, and a 
larger need for a more sustainable form of energy production and consumption 
has continued to drive the research and development of nanoparticles (NPs). 
Materials on the nano-scale are attractive because the have unusual properties 
that aren’t present in bulk materials or in individual molecular suspensions. In 
general NPs have such unique properties because of the greater surface to 
volume ratio. Having a large number of surface atoms relative to total atoms in a 
particle creates these interesting properties. The physics1,2,3 and 
thermodynamics4 of materials change at the nano-scale. Many of these 
properties are exploitable for making processes involving energy harvesting or 
consumption more efficient. 
Of these properties the excitation of plasmonic resonances, which are the 
collective oscillation of conducting electrons in metal nanoparticles, is of 
particular interests. Bulk silver has the highest electrical conductivity of any 
material and has a high efficiency for plasmon excitation5. The excitation of 
plasmonic resonances in silver nanoparticles (Ag NPs) represents the most 
efficient mechanism, by which light interacts with matter6. Specifically, Ag NPs 
with a diameter of ca. 100 nm will have a Rayleigh scattering cross-section that is 
approximately and order of magnitude larger than their geometric cross-section7. 
Furthermore the ability to tune plasmon resonances across the visible spectral 
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range by varying the size, shape, and dielectric environment make them ideal for 
employment in applications involving the interaction with light. Such applications 
include but aren’t limited to optical labeling8, sensing9 and light harvesting10. 
Plasmonic structures may also be exploited for their unique ability to scatter light 
with different polarization relative to that of incident light .This ‘depolarization’ is 
remarkable and can be pursued as a method of optical labeling against a zero 
background. In light capturing applications, depolarized light scattering could 
improve the efficiency of light coupling to pn junctions in photovoltaic cells11. A 
strong fundamental understanding of how plasmonic structures interact and 
scatter ‘depolarized’ light is critical.  
 The synthesis of plasmonic Ag NPs established in the Chumanov lab12 
and modified synthesis were the focus of experiments presented in Chapter 2. 
The goals of these modifications were to improvement the synthesis and gain 
greater control of the particle growth and the optical properties of the particles. 
The functionalization and organization of these particles into structures and their 
depolarized light scattering properties will be discussed in Chapter 3.     
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CHAPTER TWO 
SYNTHESIS OF SILVER NANOPARTICLES  
 
INTRODUCTION 
 
Controlled methods of synthesis of silver nanoparticles have facilitated 
their potential application as optical devices1-4. Certain structures have been 
more effective in these applications. Specifically smaller more spherical shaped 
particles have shown success in cellular interaction and uptake5,6, where rod 
shaped particles are of particular plasmonic interest because of the ability to 
propagate plasmon resonance down or along the rod7-9. Depending on the 
function size, shape, and concentration can be a very important variable, ergo, 
complete control over synthesis is critical. Previously the Chumanov group has 
established a reproducible method of synthesis of silver nanoparticles10. The 
reaction is shown below: 
Dissolution 
 
1) Ag2O + 3 H2O↔ 2 Ag(OH)2– + 2 H+ 
 
2) 2 Ag(OH)2 – ↔ 2 Ag+ + 4 (OH)– 
 
Net)  Ag2O + H2O ↔ 2 Ag+ + 2 (OH)– 
 
Reduction 
 
2 Ag+ + H2 → 2 Ag0 + 2 H+ 
 
Net Reaction 
 
Ag2O + H2 → 2 Ag0 + H2O [10] 
 
 5 
  This method produces size-controlled up to ca. 300 nm11, single crystal Ag 
NPs that can be easily modified because their surface is ‘naked and 
unpassivated by any organic molecule. The Ag NPs are robust and remain in 
stable and in solution indefinitely due to a charged metal oxide layer on the 
surface of the NP composed of AgO- and Ag(OH)2- species10. A thick electric 
double layer is formed by these charged species in low ionic strength water 
(ultrapure 18 MΩ·cm water) and stabilized the NPs by repulsion. The zeta 
potential of these Ag NPs is -35 mV at pH 912.   
 Characterization of the particles is typically performed via electron 
microscopy and UV-Vis spectroscopy. Electron microscopy provides accurate 
size and shape measurements where UV-Vis spectroscopy is employed to 
determine the intensity and spectral position of plasmon resonances. The UV-Vis 
extinction spectrum, absorption combined with scattering, is very sensitive to the 
size of the NPs. The spectra shown in Figure 1.1 show this size dependence.  
Figure 1.1. Extinction spectra of Ag NPs of different sizes.11 
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Resonant modes within the Ag NPs are represented by the peaks in the 
extinction spectra and depending on the size of the NP modes can range from 
dipole to hexadecapole. In Figure 1.1A particle diameter ranges from 5-40 nm 
and the spectrum for these NPs is dominated by one plasmon peak created by 
the dipolar mode. As the particles grow in diameter a shoulder peak appears on 
the dipole resulting from the excitation of the quadrupolar mode, Figure 1.1B. 
With further increase in size of the Ag NPs, higher order modes (octapoles and 
hexadecapoles) are excited begin to contribute to the spectra, while peaks from 
lower order modes broaden and red shift.     
Phase retardation is responsible for the appearance of multipolar plasmon 
modes as Ag NP size increases. The spectra of NPs much smaller than 
wavelengths of light are characterized by a single, sharp, symmetric peak 
resulting from the excitation of a dipole plasmon resonance because the entire 
NP experiences a uniform electric field due to its size13. When the size of the Ag 
NP is more comparable to the wavelength of light the experienced field is no 
longer uniform throughout the NP. Penetration depth of excitation of electron 
oscillation is also a contributor to the nonuniformity of this field as size 
increases13. Both factors result in excitation of higher plasmon modes. The 
collective nature of the electron oscillation in the plasmon resonance results in a 
larger ‘electron mass’, and is responsible for the red-shifting and broadening of 
the peaks as size increases14.   
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This developed and well understood method of synthesis is also fairly 
forgiving in the sense that variations of the overall amount or reactant silver 
oxide, volume of water, pressure of hydrogen, or fluctuation in temperature will 
alter the final product very little; however, these variables can affect the rate of 
the reaction. When consistency is maintained with this method, growth of 
particles is fairly predictable and size can be estimated from the spectral trends 
established from Reference 10.  
Experiments were further conducted to improve yields in terms of 
concentration, size and shape dispersion, and to maximize silver oxide 
consumption reducing waste. The modification of the synthesis is discussed in 
this chapter.  
 
HIGHLY CONCENTRATED MONODISPERSED PARTICLES 
The established synthesis is only limited by the size of the glass vessel 
and the amount of silver oxide present in solution. Without seeds or available 
silver the growth of particles plateaus in terms of concentration and size 
respectively. While a large vessel would increase concentration, practically 
overcoming the limitation of available surface seeds would require the addition 
more seeds chemically. Consideration for how the surfactant behaved in solution 
and with the particles during growth is critical. The surfactant would need to only 
promote initial growth and not passivate particles upon formation. For this reason 
Sodium Silicate (Na2SiO3) was selected and hypothesized to increase 
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concentrations without changing the properties, crystallinity, or surface. 
Concentration of sodium silicate was selected to provide enough seeds to grow a 
comparable if not larger concentration of particles. 
 
EXPERIMENTAL 
Ag2O (99.99%) purchased from Alfa Aesar in ultrapure 18 MΩ·cm was 
acquired from a four-bowl Millipure Milli-Q system was reduced with Hydrogen 
gas (99.9999%) was purchased from National Welders. Ca. 0.25g of Ag2O were 
sonicated in ca. 250 g of ultrapure water before adding varying concentrations of 
Sodium Silicate from as low as 32µM to as high as 306µM. Na2SiO3 was dried 
twice at 375⁰ C for ca.8 hours. This solution was gradually heated in a quartz 
vessel to 70⁰ Celsius while stirred vigorously. Once temperature was stable 
vessel was flushed and pressurized with hydrogen gas and allowed to undergo 
reduction until particle size reached ca. 100 nm in diameter. Colloid was filtered 
using 90-cm Osmonics nylon filter membranes purchased from Fisher Scientific. 
Washing and concentration of ‘naked’ particles via centrifugation employed a 
Beckman J2-HS centrifuge with a JA-10 centrifuge head. Particle growth was 
characterized with UV-Vis spectroscopy (Shimadzu UV-2501PC spectrometer) 
and electron microscopy (Hitachi 7600 TEM, HD-2000 STEM or 4800 SEM). 
Formvar-coated copper grids purchased from Ted Pella were used for TEM and 
STEM microscopy. EM substrates were prepared by immobilizing particles using 
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poly-4-vinylpyridine15, (PVP 400000 MW Aldrich) on a copper grid or for SEM, 
ITO coated glass slide (R=100 Ω, Delta Technologies).  
   
 
RESULTS AND DISCUSSION 
Ag NPs synthesis can be easily achieved by reducing silver (I) oxide with 
H2 (g) in ultrapure water. Bubbling of H2 gas into a heated aqueous silver oxide 
solution will form Ag NPs; however, the experiment is inefficient and crude. Size 
controlled growth via hydrogen reduction has been well established and is 
appealing for its simplistic and clean production of Ag NP and water. The Ag NPs 
formed are mostly homogeneous in size and shape and can be purified and 
concentrated using filtration and centrifugation. Filtration can be used to remove 
larger particles and rod shaped; smaller particles can be removed via light 
centrifugation and the removal of supernatant. Both processes require time and 
can introduce contaminates if systems are not ultraclean. Centrifugation can also 
cause aggregation and ruin a batch. Surfactants or other reactants can be used 
to shape growth and increase concentration; however, introducing surfactants or 
other reactants could inadvertently change the surface chemistry or drastically 
alter how the particles for or behave.  
It was hypothesized that modifying the synthesis with the addition of 
sodium silicate would increase the concentration and improve the overall 
monodispersity of the particles formed. A 500 mL quartz reaction vessel was 
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used to ensure that particles were formed solely from the sodium silicate ‘seeds’. 
The data acquired is presented and described below. 
The UV-Vis spectra show that even at low concentrations sodium silicate 
yields a much higher concentration of Ag NPs than with the previous method. 
Particles were allowed to grow for several hours and ranged in size from 80-130 
nm depending on the time of synthesis. Figure 2.1 shows electron microscopy 
images of particles synthesized without the addition of sodium silicate as well as 
the extinction spectra of the growth. Numerical representation of the data is 
organized in Table 2.1. The extinction spectra and electron microscopy images 
suggest the particles are mostly homogeneous; however, a significant 
concentration of rod shaped particles is also present. Filtration and centrifugation 
would be necessary to purify and concentrate these particles. The maximum 
optical density reached during this synthesis was 0.602 after 2.5 hours of 
synthesis with an average particle density size of ca. 135 nm. The estimated 
concentration of particles was 6.0x109 particles per milliliter10.  
Images of silver particles synthesized with the presence of 162 µM in 
quartz are shown in Figure 2.2 along with the respective UV-Vis spectra during 
the growth of the particles. Numeric representation as well as dilution factors and 
corrected optical densities are arranged in Table 2.2.   
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Figure 2.1. Ag NPs synthesized ‘naked’ without Na2SiO3 via (A) SEM and (B,C) 
STEM. (D) Excitation spectra of Ag NPs synthesized naked via hydrogen 
reduction. Spectra and images correlate to data from Table 2.1.  
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Table 2.1. Data collected from standard hydrogen reduction synthesis of Ag NPs. 
 
During synthesis of seeded particles, the slowed growth was the first 
apparent difference. The migration of the dipole across the visible spectrum from 
blue to red was more gradual than when synthesizing without sodium silicate. 
The optical density increased so rapidly that dilution was required after 45 
minutes to accurate measure aliquots taken from the synthesis.  While the 
growth was slower and the optical density was much larger the spectra are 
consistent with spectra obtained from particles grown without Na2SiO3. 
 
Time Elapsed 
(Minutes) 
Temperature   
(⁰ C) 
Dipole λmax           
(nm) 
Optical 
Density (a.u.) 
Dilution 
Factor 
0 71 -- -- -- 
15 70 416 0.469 -- 
30 70 475 0.410 -- 
45 70 500 0.498 -- 
75 71 516 0.540 -- 
90 70 530 0.560 -- 
105 70 550 0.581 -- 
120 70 560 0.590 -- 
150 70 590 0.620 -- 
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Figure 2.2. (A) SEM image of particles synthesized by adding Na2SiO3 drip dried on ITO. (B,C) 
STEM image of particles synthesized with 162uM Na2SiO3 immobilized on a copper grid using 
PVP.(D) Excitation spectra of Ag NPs synthesized with the addition of 162 µM Na2SiO3. Spectra 
and images correlate to data from Table 2.2. 
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Time 
Elapsed 
(Minutes) 
Temperature 
(⁰ C) 
Dipole 
λmax           
(nm) 
Optical 
Density 
(a.u.) 
Dilution 
Factor 
Corrected 
Optical 
Density (a.u) 
0 71 -- -- -- -- 
15 72 461 .369 -- .369 
30 72 437 1.007 -- 1.007 
45 72 456 1.849 -- 1.849 
60 72 487 0.481 1/5 2.405 
75 72 500 0.555 1/5 2.775 
90 72 511 0.702 1/5 3.510 
105 72 524 0.767 1/5 3.835 
120 72 535 0.827 1/5 4.135 
150 72 553 0.888 1/5 4.440 
Table 2.2 Data collected from modified synthesis of Ag NPs with the addition of 162 µM Na2SiO3. 
 
Electron microscopy images of particles grown with 162 µM Na2SiO3 also 
indicate that particles are more monodispersed and are absent of large rod 
shaped particles. The final optical density measured after 2.5 hours was 
corrected for dilution to be 4.440 correlating to a concentration of 4.44x 1010 
particles per milliliter compared to the standard synthesis concentration of 6.0 x 
109 particles per milliliter almost a 14% increase in concentration without 
consuming more silver oxide or increasing synthesis time. 
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 Synthesis with Na2SiO3 was doubled and tripled to 324 µM and 486 µM in 
following experiments. Data from excitation spectra for 324 µM (Figure 2.3) is 
shown in Table 2.3. The excitation peaks again appear unchanged by the 
addition of sodium silicate, the optical density again is highly elevated and the 
growth and shift of peaks is more gradual. The addition of 486 µM Na2SiO3 
(Figure and Table 2.4) showed the same trend of high optical density, slow 
growth, with strong correlation of the spectral peaks with those in ‘naked’ 
synthesis. Upon imaging the particles it was very apparent that at higher 
concentration of added sodium silicate some particles were encapsulated with 
silicate and free silicate was present in solution as well. Free and attached 
silicate was easily removed upon washing by centrifugation followed by filtration. 
 
 
 
 
 
 
 
 
 
Figure 2.3 Excitation spectra of Ag NPs synthesized with the addition of 324 µM Na2SiO3 via 
hydrogen reduction. Spectra correlate to data from Table 2.3.  
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Time 
Elapsed 
(Minutes) 
Temperature 
(⁰ C) 
λmax           
(nm) 
Optical 
Density 
(a.u.) 
Dilution 
Factor 
Corrected 
Optical Density 
(a.u) 
0 70 -- -- -- -- 
15 71 412 0.506 -- 0.506 
30 72 418 1.662 -- 1.662 
45 73 421 0.746 1/5 3.730 
60 74 428 1.232 1/5 6.16 
75 73 435 0.833 1/10 8.330 
90 72 441 0.993 1/10 9.930 
105 72 450 1.180 1/10 11.800 
120 72 456 1.340 1/10 13.40 
180 72 475 0.893 1/20 17.86 
195 71 484 0.961 1/20 19.22 
210 71 492 1.073 1/20 21.46 
Table 2.3. Data collected from modified synthesis of Ag NPs using addition of 324 µM Na2SiO3. 
 
 
 
 
 
 
 
 
 
Figure 2.4. Excitation spectra of Ag NPs synthesized with the addition of 486 µM Na2SiO3 via 
hydrogen reduction. Spectra correlate to data from Table 2.4. 
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Time 
Elapsed 
(Minutes) 
Temperature 
(⁰ C) 
λmax           
(nm) 
Optical 
Density 
(a.u.) 
Dilution 
Factor 
Corrected 
Optical 
Density 
(a.u) 
0 74 -- -- -- -- 
20 74 410 0.273 1/5 1.365 
40 73 416 0.831 1/5 4.155 
60 70 423 1.761 1/5 8.805 
80 74 429 1.150 1/10 11.500 
160 74 454 1.267 1/10 12.670 
180 74 461 0.881 1/20 17.620 
200 74 466 0.894 1/20 17.880 
Table 2.4. Data collected from modified synthesis of Ag NPs using addition of  486 µM Na2SiO3. 
Sodium silicate demonstrated positive results when growing smaller 
particles, but proved challenging for larger particles synthesis. Even at a lower 
concentration of 162 µM, particle growth would plateau ca.150 nm diameter. This 
was mostly from the consumption of all silver (I) oxide. Successful synthesis of 
large particles up to ca. 400 nm was performed without sodium silicate. EM 
Images and spectra of particles ca. 300 nm are shown in Figure 2.5. The 
synthesis required double the normal concentration of silver (I) oxide (ca. 0.500g 
per 250g ultra pure water) and required 8-16 hours of growth to reach this 
particle size.  Optical density was often larger than normal naked particle 
synthesis and heterogeneity in particle shape was often observes.  
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Figure 2.5. (A,B,C) Large particles synthesized naked drip dried on a copper grid before filtration 
and imaged via STEM at different magnifications at 200kV. (D) Extinction spectra of same large 
particles in A, B and C (diluted 10 times). 
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CONCLUSION 
 
 Greater control over the chemical synthesis of Ag NPs was 
achieved by incorporating sodium silicate as a facilitating reactant. While the 
standard method of synthesis can simply be filtered to yield a homogenous 
suspension of particles and further centrifuged to a concentration easily 250 
times the at original without affecting stability or inducing aggregation, this 
process take time, requires more initial silver (I) oxide and creates large amounts 
of waste in supernatant. While the addition of higher concentrations of Na2SiO3 
required washing and filtering, it was a more effective method of achieving high 
concentrations of highly homogeneous monodispersed particles. Contrary, the 
synthesis of naked particles does frequently produce significant concentrations of 
‘rod’ and ‘whisker’ shaped nanoparticles that are of particular interest for their 
unique plasmonic interactions. Further experiments to isolate, extract, or improve 
yields in naked synthesis will be performed. While large particle synthesis can be 
achieved without the addition of sodium silicate, the potential for much greater 
concentrations with less consumption of silver (I) oxide has yet to be reached. 
These particles have applicable plasmonic properties suitable for TERS as well 
as other light manipulation abilities worth interrogating further.   
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CHAPTER THREE 
 
DEPOLARIZED LIGHT SCATTERING FROM SILVER NANOPARTICLE 
CLUSTERS 
INTRODUCTION 
Excitation of plasmon resonances in nonspherical metal nanoparticles and 
particle clusters results in a strong depolarization of elastically scattered light1.  
The depolarized scattering originates from the interference of two or more 
plasmon modes corresponding to the electron oscillations along unequal axes.  
The modes should have different frequencies with a large frequency overlap 
region, so that, when they are simultaneously excited, the particle is polarized 
along the two orthogonal axes, and the two components of the induced 
polarization are in- and out-of-phase with the incident light, respectively 2.  The 
interference of these two out-of-phase components produces the resultant 
particle polarization perpendicular to the polarization of the incident light.    
We have previously reported depolarized scattering from individual silver 
nanoparticles and correlated the scattering intensity with the particles shape and 
their orientation relative to the polarization direction of the incident light 3.  It was 
found that the strongest depolarized scattering occurs from particles with the 
aspect ratio about two when the incident polarization was aligned close to 45° 
between the two particle axes.  When the incident polarization was aligned with 
one of the primary axes of the particles, minimum scattering was observed.  As 
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the direction of the incident polarization rotated 360° relative to the particles 
orientation, the intensity of depolarized scattering oscillated between the 
maximum and minimum.  The overall scattering intensity was exceptionally 
sensitive to the particle shape: differences in shape indistinguishable by eye lead 
to significant differences of the scattered light.        
Here, we extend the studies of the depolarized scattering to include 
individual dimers, trimers, and tetramers of silver nanoparticles.   The primary 
purpose is to identify shapes of different plasmonic structures capable of 
exhibiting the strongest depolarized scattering with the least contrast between 
maximum and minimum intensities at various incident polarizations.  Such 
plasmonic structures can be used as bright, zero-background optical labels when 
excited and observed through two crossed polarizers.       
EXPERIMENTAL 
Silver NPs were synthesized by H2 gas reduction of Ag2O partially 
dissolved in ultrapure water 4. Dimers, trimers and tetramers were made by first 
immobilizing individual Ag NPs on glass slides using poly(4-vinylpyridine)5.  The 
surface of immobilized particles was further modified with adenine by exposing 
the slides to a saturated aqueous solution for ca.1 hour.  After extensive washing 
with ultrapure water, slides were immersed into NP suspension for ca. 12 hours 
allowing the self assembly of clusters. The adenine modified surface exhibits 
affinity to silver, thereby facilitating the formation of clusters including dimers, 
trimers, tetramers and higher order oligomers.  While on the surface of the slides, 
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the clusters were encapsulated with ca. 5 nm thick sol-gel silica layer formed 
over 2 days using a modified Stöber method.6 Silica protected clusters were 
stripped off slides into ultrapure water via sonication and further immobilized onto 
poly(4-vinylpyridine) modified ITO substrates (Delta Technologies, 100 Ω cm) for 
optical and EM measurements.  Prior to the cluster immobilization, characteristic 
markings were mechanically made on the surface of ITO enabling easy 
identification of the same surface area under EM and light microscope.  For light 
microscopy imaging and spectroscopic measurements, one drop of immersion oil 
(n = 1.48) was dispensed on the substrates containing clusters and covered with 
a coverslip.   
An inverted microscope (Olympus IX-71) equipped with a 100x objective 
(UPlanFl, oil immersion, 1.3 NA) and Prior motorized stage was utilized to collect 
optical images and spectroscopic information from individual clusters. The 
substrates were illuminated by a 100 W halogen bulb through a home-built 
motorized rotating polarizer.  Another manually rotatable polarizer was placed 
after the substrate before the detector.   Both polarizers were offset 90⁰ from 
each other to block the excitation light from reaching the detector while allowing 
only scattered light with polarization orthogonal to the excitation polarization to be 
measured.  Both polarizers were simultaneously rotated in 10° increments over 
360° while maintaining their crossed orientation for measuring angular 
dependence of depolarized light intensity.  Images of individual clusters were 
projected through a wedge depolarizer onto the entrance slit of a spectrograph 
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(Horiba iHR320) equipped with a CCD camera (IDus, Andor).  Blank 
measurements were collected for each polarization from areas of the substrate 
without clusters and subtracted from the corresponding scattering spectra.  The 
resultant spectra were normalized to the spectrum of the light source.  Optical 
microscopy images were recorded with an Andor Ixon EMCCD and a Sony 
consumer digital camera (DSC-H20).  Scanning electron microscopy images 
were acquired with Hitachi FE 4800.  Shimadzu UV-2501 PC spectrophotometer 
was used for UV-Vis extinction measurements.  
 
RESULTS AND DISCUSSION 
The observed depolarized scattering behavior of clusters was similar to 
that of individual Ag NPs reported in Ref. 3.  Clusters appeared as dark spots 
below the diffraction limit in bright field optical microscopy images (supplemental 
Figures 3.7-11) and as bright spots in the dark field due to strong elastic light 
scattering.  When viewed through two crossed polarizers, the scattering intensity 
and the apparent color of the clusters varied depending upon the incident 
polarization angle.   The majority of clusters exhibited high contrast, in which the 
intensity varied from nearly zero to a maximum as the polarization angle 
changed.  However, for some other clusters variations of intensity did not 
produce noticeable minima and maxima.  Upon further examination by electron 
microscopy, it was determined that the individual Ag NPs in the latter case were 
not fully connected to each other, so that the ‘clusters’ behaved more like 
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individual particles rather than strongly coupled plasmonic structures.  Clusters 
that exhibited well-pronounced maxima and minima in the depolarized scattering 
diagrams have all Ag NPs connected to each other behaving as one plasmonic 
structure.  As both polarizer and analyzer were rotated maintaining their crossed 
orientation, the clusters appeared to ‘blink’ two or four times through the full 
rotation circle.  The contrast between ‘on’ and ‘off’ states for all studied dimers, 
trimers, and tetramers was always higher than in the case of depolarized 
scattering from individual particles (Ref 3).  Such behavior is indicative of strong 
dependence of the depolarized light scattering upon cluster shape.        
The angular dependence of the depolarized light scattering from the 
clusters was correlated with the clusters’ shape, orientation, as determined via 
electron microscopy.   The scattering diagrams revealed that the scattering 
maxima appeared when the incident polarization vector was aligned ca. 45° 
between the long and short axes of the clusters.  Contrary, the minima were 
observed when the polarization vector was aligned with either axis.  The angular 
dependence of the scattering intensity (A), the polar scattering diagrams (B) and 
the angular dependence of scattering spectra (C) from three different dimers are 
depicted in Figures 3.1-3.  All scattering diagrams show two major and either two 
or four minor lobes, intensity of which vary depending upon the shape of the 
dimer.  It is important to emphasize that the intensity of the depolarized scattering 
from Ag NP clusters is sensitive to minuscule variations in their shape rather than 
the overall size.  For example, all dimers in these figures are close in size 
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whereas their maximum depolarized scattering intensity varies more than two 
fold.  This is contrary to the intensity of the overall elastic light scattering that 
increases as the size of the cluster increase in this size range.  The shape 
sensitivity is due to the interference of the two plasmon modes in a dimer, low 
frequency longitudinal and high frequency transverse electron oscillations.  The 
interference requires a frequency overlap region between the two modes and the 
overlap is naturally affected by small changes in the shape of the dimer.  The 
model will be described later in more details.  
One of the noticeable differences between single particles from Ref. 3 and 
the clusters reported here is that the scattering diagram of clusters is often 
dominated by two major lobes, whereas single particles exhibit four more equal 
lobes.  A characteristic example can be seen in Figure 3.1B.  If this dimer was 
composed of two spherical particles, then the direction along 150°/330° line will 
be the same as that along 70°/240° line, and one would expect symmetric 
scattering distribution with four lobes of the same intensity in the depolarized 
scattering diagram.  However, only two strong lobes were observed in 150°/330° 
direction and two ca. 5 times weaker lobes were observed in the other direction.  
Conceivably, the observed asymmetric distribution is due to the dimer being 
composed of polyhedral rather than spherical shape particles resulting in the 
unequal directions.  In addition, the two particles in the dimer are separated with 
a boundary of an organic (adenine) binding layer that changes the electronic 
coupling between the particles along different directions.  A support for this 
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argument can be found by comparing the depolarized scattering diagram from 
the dimer with that from a single elongated Ag NP of the same size (Ref. 3).  The 
latter exhibits four almost equal lobes because there is no internal boundary and 
the electronic coupling is isotropic in all directions.   The dimer shown in Figure 
3B has four lobes of comparable intensity resembling a single elongated Ag NP, 
most likely due to better electronic coupling between the particles.   A fine 
structure in the scattering diagram, as exemplified in Figure 3.4 B, can be 
attributed to the contribution of higher multipolar plasmon modes to light 
scattering.      
 The angular dependence of the depolarized light scattering from a trimer 
and tetramer is shown in Figure 5 and 6, respectively.  A two lobe scattering 
diagram is characteristic of these structures as well, likely due to the reasons 
described above.  Notably, the maximum scattering intensity from the trimer was 
twice that of the tetramer further emphasizing the shape rather than the size 
sensitivity of the depolarized scattering.  The overall elastic scattering cross 
section of the tetramer is expected to be larger than that of the trimer due to its 
larger size.  However, the tetramer is a more symmetric structure with two nearly 
degenerate modes, a case that is less favorable for depolarized scattering 
relative to the case when the two modes have a larger frequency difference, like 
in the trimer.  One of the motivations for studying depolarized light scattering 
from Ag NP clusters is to identify plasmonic structures that exhibit more uniform 
depolarized light scattering at all orientations.  Such structures can be used as 
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optical labels and should exhibit minimum ‘blinking’ when changing their 
orientation relative to the incident polarization vector.  While it was anticipated 
that this might be the case for Ag NP clusters, the scattering diagrams from all 
studied dimers, trimers and tetramers revealed strong orientation dependence of 
the depolarized light scattering indicating that these structures are not ideal for 
optical labeling.  From the analysis of depolarized light scattering from individual 
Ag NPs and clusters, a general trend can be concluded: the stronger the 
scattering the larger the contrast between the maximum and minimum intensities.   
In other words, structures that show more uniform distribution of depolarized 
scattering in all directions tend to exhibit overall weaker depolarized scattering.  
Depolarized scattering spectra from clusters measured at different cluster 
orientations relative to the incident polarization vector are shown in Figures 3.2-
5C.  The spectra presented are representative of the scattering at all 360⁰ 
rotations relative to the incident polarization vector.  Despite previous discussions 
of the clusters characterized by only two plasmon modes, these three-
dimensional structures have three modes that could differ because of the 
nonspherical nature of Ag NPs which would in turn result in complex scattering 
spectra.            
  Scattering spectra from dimers were in fact complex, more so than single 
Ag NPs, which generally consisted of two peaks one in a blue/green spectral 
region and a red shifted peak. Smaller single Ag NPs have simpler scattering 
spectra due to the lower multipolar component contribution, primarily dipole and 
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quadrupole, larger particles and clusters are expected to have quadrupoles, 
octupole, even hexadecapole contributions 7.  Dimer 1 and 2 exhibit scattering 
spectra with of two peaks, although they are much broader they still demonstrate 
a strong excitation of plasmon resonances along different axes depending on the 
direction of the incident polarization vector relative to the dimers orientation. The 
scattering spectra of Dimer 3 contain two peaks at most polarization angles, but 
at others as many as three red shifted peaks. The presence of multiple peaks 
can be attributed to the excitation of higher order plasmon modes. The 
broadening and red shifting of peaks can be explained in the same manner as 
with larger individual Ag NPs, as the size of a NP approaches the wavelength of 
light the excitation of higher order plasmon modes occurs because the NP is 
irradiated nonuniformly. The collection of overall oscillations from these excited 
plasmons increases the ‘electron mass’, broadening the peaks and red shifting 
the spectra8. The shape of the scattering spectra differs from spectra collected 
from Ag NPs again suggest plasmon oscillation isn’t uniform across all modes 
due to the organic binding of NP with adenine.  
  Trimer clusters scattering spectra (Figure 3.4C) contained two peaks 
similar to single Ag NPs; however, the predominant peak was peak present in the 
blue/green spectral region and the red shifted peak was frequently weak in 
comparison. This behavior can be attributed to the complicated shape of the 
trimer. Similar to polyhedral shaped single Ag NPs with at least three unequal 
axes, the depolarized scattering is the result of the interference of plasmon 
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modes along all the different axes. The tetramer cluster had more complex 
scattering spectra containing multiple peaks (Figure 3.5); however, more closely 
correlated to the dimer spectra than the trimers. The shape of the tetramer 
cluster overall is more symmetrical and has axes of similar size and 
consequently behaves more similarly to dimers. The majority of the scattering 
spectra had broad peaks across the UV-Visible region favoring the red. The 
favoritism of light scattering of Ag NPs towards the red region of the spectrum is 
attributed to the optical properties of silver. The real part of the dielectric function 
increases rapidly in this region, promoting scattering over absorption9.     
The behavior observed in all clusters studied fits well with the model used 
to explain the depolarized scattering from individual Ag NPs, the interference of 
the out-of-phase components of the induced polarization.  A cluster that is 
characterized by two unequal axes has two plasmon modes corresponding to the 
electron oscillations along the long and short axes.  The frequencies of the two 
modes are generally different but, if the clusters’ aspect ratio is not too big, the 
frequencies are close to each other producing a substantial frequency overlap 
region.  When such cluster is irradiated in the frequency overlapping region and 
the polarization vector is at 45° to either axis, the two plasmon modes are 
simultaneously excited.  The high frequency mode is excited on the ‘red’ side of 
the resonance, whereas the low frequency mode is excited on the ‘blue’ side of 
the resonance.  Because of the fundamental reasons, the electron oscillations 
are in-phase with the incident field, when excited on the red side from the 
 32 
plasmon resonance.  Contrary, the excitation on the blue side of the plasmon 
resonance produces out-of-phase electron oscillations.  The interference of the 
in-phase and out-of-phase electron oscillations produces the resultant 
polarization in the cluster with a significant component orthogonal to the incident 
polarization vector.  This induced polarization component is responsible for the 
depolarized light scattering from clusters of Ag NPs.    
The interference model is depicted in Figure 3.6.  A hypothetical case 
when the electron oscillations corresponding to the two plasmon modes are in-
phase with the incident light (E) is shown in Fig. 3.6a.  The induced polarization 
(P), the vector sum of the two plasmon modes, is pointing largely in the same 
direction as the incident polarization.  The induced polarization produces 
scattered light with the same polarization as the incident light and no 
depolarization occurs.  The case pertaining to the depolarized scattering from Ag 
NP clusters is shown in Fig. 3.6b, in which the low frequency electron oscillations 
(depicted in red) are out-of-phase, whereas the high frequency electron 
oscillations (depicted in blue) are in-phase with the incident light.  The vector sum 
of the two plasmon modes, the induced polarization, is now pointing in the 
direction perpendicular to the incident polarization vector producing scattered 
light that is polarized orthogonally to the incident light.    
CONCLUSION AND FUTURE WORKS 
Clusters of Ag NPs exhibit strong depolarized light scattering resulting 
from their asymmetrical shape, the intensities are higher than that of individual 
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Ag NPs. The scattering from these clusters can be explained using the same 
model as single Ag NPs, in that the intensity is dependent upon spectral overlap 
between excited plasmonic oscillations along different axes of the nanostructure. 
The angular and spectral dependence of the depolarized scattering from clusters 
is a result of the excitation of dipole, quadrapole, and higher multipolar plasmon 
modes and the simultaneous interference of the plasmon modes along the three 
axes of the nanostructure. The data suggests depolarized scattering from 
clusters is more sensitive to shape rather than size as well as connectivity of the 
Ag NPs in the nanostructures. All clusters formed from Ag NPs measured had 
higher overall intensities than previously studied individual Ag NPs and had a 
greater contrast between minimum and maximum intensities. These clusters 
would not be ideal for optical labeling at all polarizations; however, they could be 
applied as a ‘blinking’ label. Further depolarized light scattering studies of rod 
and whisker shaped particles with aspect ratio much greater than 2 (suggested 
optimal aspect ratio) will test the hypothesis that larger aspect ratios would lead 
to weaker depolarization due to excitation of plasmon resonances in different 
spectral regions that lack significant spectral overlap necessary for depolarized 
scattering. These experiments would also deepen the understanding of the 
fundamental depolarized light scattering nature of these particles while 
presenting a contrast to the polycrystalline organic linked nanostructures 
presented in this paper. 
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Figure 3.1. (A) X–Y plot and (B) Radar plot of the maximum depolarized 
scattering intensity from Dimer 1 (D1) as a function of the incident polarization 
angle. (C) Depolarized scattering spectra from D1 with different incident 
polarization angles.  
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Figure 3.2. (A) X–Y plot and (B) Radar plot of the maximum depolarized 
scattering intensity from Dimer 2 (D2) as a function of the incident polarization 
angle. (C) Depolarized scattering spectra from D2 with different incident 
polarization angles.  
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Figure 3.3. (A) X–Y plot and (B) Radar plot of the maximum depolarized 
scattering intensity from Dimer 3 (D3) as a function of the incident polarization 
angle. (C) Depolarized scattering spectra from D3 with different incident 
polarization angles.  
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Figure 3.4. (A) X–Y plot and (B) Radar plot of the maximum depolarized 
scattering intensity from Trimer 1 (T1) as a function of the incident polarization 
angle. (C) Depolarized scattering spectra from T1 with different incident 
polarization angles. 
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Figure 3.5. (A) X–Y plot and (B) Radar plot of the maximum depolarized 
scattering intensity from Tetramer 1 (T2) as a function of the incident polarization 
angle. (C) Depolarized scattering spectra from T2 with different incident 
polarization angles.  
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Figure 3.6. The interference model illustrating the origin of depolarized light 
scattering from Ag NP clusters.  (a) A hypothetical case when both plasmon 
modes are in-phase with the incident light (E).  (b) The relevant case when the 
high frequency mode is in-phase and the low frequency mode is out-of-phase 
with the incident light (E).  Solid and dashed arrows correspond to the opposite 
phases of incident electric field, the electron oscillations and induced polarization 
in the cluster. 
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Figure 3.7. (A) Electron microscopy image of D1 and (B) corresponding bright-
field optical microscopy image through two uncrossed polarizers. 
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Figure 3.8. (A) Electron microscopy image of D2 and (B) corresponding bright-
field optical microscopy image through two uncrossed polarizers. 
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Figure 3.9. (A) Electron microscopy image of D3 and (B) corresponding bright-
field optical microscopy image through two uncrossed polarizers. 
 
5 µm
50nm
5 µm
B
A 
 43 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. (A) Electron microscopy image of T1 and (B) corresponding bright-
field optical microscopy image through two uncrossed polarizers. 
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Figure 3.11. (A) Electron microscopy image of D5 and (B) corresponding bright-
field optical microscopy image through two uncrossed polarizers. 
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CHAPTER FOUR 
CONCLUSION AND FUTURE WORK 
Plasmonic Ag NPs continue to be of interest because of their strong 
interaction with light in the near-IR and visible range making them ideal for optical 
photochemical applications. Applications including but not limited to light 
harvesting, optical labeling, sensing associated with SERS and TERS. This 
thesis presented research that explored fundamental properties Ag NPs and their 
synthesis, specifically how surfactants affect growth, stability, and shape; as well 
as how they behave and scatter light when in assembled into clusters. These 
topics are all significant concerns in harvesting, labeling, and sensing 
applications.  
  Previously single particle depolarized scattering spectroscopy experiments 
were performed; these experiments were novel and laid the groundwork for the 
experiments that followed. Depolarized scattering spectra of individual clusters 
composed of Ag NPs of ca. 100 nm of a variety of different shapes and sizes 
were measured. The information gained was correlated with the particles 
orientation relative to the incident polarization as well as the shape of the 
structure. These observations and the general principles created to describe 
clusters were compared to the studies performed on single Ag NPs.  
As in single Ag NPs, clusters demonstrated a practical method for imaging 
and sensing using depolarized scattering from Ag NPs. The high signal to noise 
ratio achieved from depolarized scattering produced by particles against a zero 
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background is ideal and is a simple and inexpensive way to perform sensing 
experiments. While these fundamental studies have created general principles 
for the behavior of Ag NPs individually and organized into clusters, the physics 
are very complex and could be investigated further. Future studies employing Ag 
NPs biosensing, tracking, and labeling will be performed.  The ‘blinking’ of 
clusters as the polarization is rotated could also provide a new detection scheme. 
Contrary, interrogation of loosely connected clustered that scattered ‘depolarized’ 
light intensely with less dependence on the incident polarization angle has 
potential to act as a more constant method of signal production.   
Exploring different shapes, such as the long nanorods or ‘whiskers’ grown 
in synthesis of naked Ag NPs and their optical properties and depolarized 
scattering abilities would also be a logical progression and future area of 
exploration. A simple and reliable method of extraction or production of these 
‘rods’ could lead to a wealth of experiments and knowledge about the plasmonic 
nature of these structures, specifically how they compare to those formed via 
lithography. The potential for monocrystalline, naked, and size controllable 
nanorods is high and nanorod application is currently a rapidly growing area of 
research. The Chumanov method of synthesis will further compliment the 
research conducted by using surfactantless controlled methods of synthesis. The 
plasmonics of larger particles is also an area yet to be deeply explored, using 
these particles for frequency mixing or for reliable and reproducible TERS tips 
are future experiments to be conducted.     
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